The accelerated cosmic expansion could be due to dark energy within general relativity (GR), or modified gravity. It is of interest to differentiate between them, by using both the expansion history and the growth history. In the literature, it was proposed that the growth index γ is useful to distinguish these two scenarios. In this work, we consider the non-parametric reconstruction of the growth index γ as a function of redshift z from the latest observational data as of July 2018 via Gaussian Processes. Surprisingly, we find that f (R) theories, and dark energy models in GR (especially ΛCDM), are inconsistent with the results in the moderate redshift range, far beyond 3σ confidence level. A modified gravity scenario different from f (R) theories is strongly favored. 
I. INTRODUCTION
Since the discovery of the accelerated expansion of our universe in 1998 [1, 2] , it is still unclear what is the real cause of this mysterious phenomenon so far. As is well known, two main types of scenarios are extensively considered in the literature to this end. The first one is to introduce an unknown component with negative pressure (dark energy) in the framework of general relativity (GR). On the contrary, the second one explains the accelerated expansion by using a modification to GR (modified gravity), without invoking dark energy. We refer to e.g. [3] [4] [5] [6] for comprehensive reviews.
Until now, both scenarios are competent to interpret the accelerated cosmic expansion. Therefore, it is of interest to differentiate between them. Since they cannot be distinguished by using the expansion history solely, it is necessary to consider the growth history in addition (see e.g. [7] [8] [9] [10] and references therein). If the scenarios of dark energy and modified gravity share a same expansion history, they might have different growth histories. Typically, the growth history is characterized by the linear matter density contrast δ(z) ≡ δρ m /ρ m as a function of redshift z. It is convenient to introduce the growth rate f ≡ d ln δ/d ln a, where a = (1 + z) −1 is the scale factor. Many years ago, a good approximation f = Ω γ m has been first proposed in [11, 12] within GR, where γ is the growrh index, Ω m is the fractional density of pressureless matter. In the beginning, f = Ω γ m was used only at the present time (z = 0), and it is not valid for any redshift. Since [13] it was applied to anything beyond matter, curvature, and a cosmological constant. Finally, not until [14] was it applied to gravity other than GR, and then in [7] generalized to modified gravity, varying equation of state, and an integral relation for growth. Nowadays, the general form f (z) = Ω m (z) γ(z) has been extensively used in the literature. In e.g. [7, 8] , it was proposed that the growth index γ is useful to distinguish the scenarios of dark energy and modified gravity. In GR, γ = 6/11 ≃ 0.545 for ΛCDM model [7, 8] (which is a true constant independent of redshift), while γ ≃ 0.55 for other dark energy models [7] . In the cases of modified gravity, γ ≃ 0.68 for Dvali-Gabadadze-Porrati (DGP) model (γ = 11/16 is its high redshift asymptotic value) [8, 9] , while γ ≃ 0.42 for most of viable f (R) theories (γ < 0.55 certainly for almost all viable f (R) theories, and γ decreases when redshift increases) [15] [16] [17] [18] . Since their γ(z) lie in a narrow range around the above values respectively, one can differentiate between them.
In the literature, the growth indices for some particular models have been constrained by using the observational data, while only the present values γ 0 and the derivative γ ′ 0 were considered usually. Of course, it is better to study the growth index in a model-independent way. In the literature, a common choice is to consider the model-independent parameterizations for γ(z), but a particular function form should be given a prior. On the contrary, it is worth noting that the goal function could be directly reconstructed from the input data by using some non-parametric methods, such as principal component analysis, and Gaussian processes, without assuming a particular function form.
Here, we consider the non-parametric reconstruction of the growth index γ(z) as a function of redshift z via Gaussian processes [19, 20] , by using the latest observational data. In Sec. II, we briefly describe the methodology. In Secs. III and IV, the results and the conclusion are given, respectively. Surprisingly, we find that f (R) theories, and dark energy models in GR (especially ΛCDM), are inconsistent with the results in the moderate redshift range, far beyond 3σ confidence level (C.L.).
II. METHODOLOGY
By definition f (z) = Ω m (z) γ(z) , the growth index is given by
Note that in a few of works (e.g. [21, 22] 
is taken, which coincides with Eq. (1) only when γ = const. To reconstruct γ(z), both f (z) and Ω m (z) are needed. The growth rate f can be obtained from redshift space distortion (RSD) measurements, and the observational f obs data have been used in some relevant works (e.g. [9, 21, 22] ). However, it is sensitive to the bias parameter b which can vary in the range b ∈ [1, 3] . This makes the observational f obs data unreliable [23] . Instead, the combination f σ 8 (z) ≡ f (z) σ 8 (z) is independent of the bias, and hence is more 
where a prime denotes the derivative with respect to redshift z, we have
In fact, the observational f σ 8, obs data can be obtained from weak lensing and RSD measurements [23, 24] . Once f σ 8 (z) is reconstructed from the observational f σ 8, obs data via Gaussian processes [19, 20] , we can obtain δ ′ (z)/δ 0 , δ(z)/δ 0 , and finally f (z) by using Eqs. (3), (4) and (2). On the other hand, the dimensionless Hubble parameter E ≡ H/H 0 is required to reconstruct
Note that E(z) can also be obtained from the growth history [25] [26] [27] . In GR, the perturbation equation δ + 2Hδ = 4πGρ m δ can be recast as a differential equation for H 2 , where a dot denotes the derivative with respect to cosmic time t. Its solution is given by [25] [26] [27] However, in the case of modified gravity, the perturbation equation becomesδ + 2Hδ = 4πG eff ρ m δ, and its solution reads [25] 
where G eff = G (1 + 1/(3β)) is the effective gravitational "constant", and β depends on time in general, which will be known if the modified gravity is specified. For example,
for the flat DGP model [9, 10, 25] . Noting Eq. (5), one cannot obtain E(z) from Eq. (7) because E 2 appears in the both sides. On the other hand, if we do not know whether GR is modified or not a prior (since our goal is to differentiate between dark energy within GR, and modified gravity), we also do not know which one of Eqs. (6) and (7) will be used. So, it is not viable to obtain E(z) by using the growth history.
The only viable way is to use the expansion history. There exist two different approaches to this end. The first one is to directly reconstruct E(z) by using the observational H(z) data [28] [29] [30] from the measurements of the differential age and the baryon acoustic oscillation (BAO). The second one is to use the luminosity distance of type Ia supernovae (SNIa), dz/E(z), and hence E = 1/D ′ . Once E(z) is reconstructed from the observational H(z) data or SNIa via Gaussian processes, we can obtain Ω m (z) by using Eq. (5). Finally, the growth index γ(z) is available from Eq. (1).
We refer to e.g. [19, 20, 31] for the details of Gaussian processes. In this work, we implement Gaussian processes by using the code GaPP (Gaussian Processes in Python) [20] . In Gaussian processes, there are many options for the covariance function (or, the kernel function) k(z,z). Here, we choose to use two different types of k(z,z). The first one is the squared exponential (or, Gaussian) covariance function, which is the simplest and popular choice in the literature. The second one is the Matérn (ν = 9/2) covariance function, which is recommended by [31] because it is the best in the ones under consideration. The explicit forms of these two covariance functions can be found in e.g. [19, 20, 27, 31, 32] .
Finally, it is of interest to fully extract information from the expansion history. In modified gravity, the modification to GR can also be regarded as an "effective dark energy" component in GR. 
So, w(z) can also be reconstructed from the observational H(z) data or SNIa via Gaussian processes.
III. RESULTS
In the following, we use the latest observational data as of July 2018. We first reconstruct f (z) via Gaussian processes. In [24] , a sample consisting of 63 observational f σ 8, obs data published to date are given, which is the largest f σ 8 compilation in the literature by now. We can reconstruct f σ 8 (z) from the observational data, and then δ ′ /δ 0 , δ/δ 0 and f from Eqs. (3), (4) and (2), respectively. Note that in Eqs. (3) and (4), we adopt σ 8, 0 = 0.8111 ± 0.0060 from the newest Planck 2018 results [33, 34] . The reconstructed f σ 8 , δ/δ 0 , δ ′ /δ 0 and f as functions of redshift z are given in Figs. 1 and 2 . Clearly, the choices of covariance function only make fairly small difference.
Then, we reconstruct Ω m (z) while E(z) = H(z)/H 0 in it can be reconstructed by using the expansion history. As mentioned above, two ways are viable. At first, we consider the 51 observation H(z) data compiled in [28] , which is the largest sample by now to our best knowledge. Here, the Hubble constant H 0 is required to convert the observational H(z) data into the observational E(z) data. As is well known, two observational H 0 values from the observations at high and low redshifts are in significant tension. The newest H 0 = 67.36 ± 0.54 km/s/Mpc from the Planck 2018 results [33, 34] is much smaller than the newest H 0 = 73.52±1.62 km/s/Mpc from the SH0ES 2018 results [35] , beyond 3.6σ C.L. Since the debate is not settled by now, we choose to use them equally. The uncertainties in the observational H(z) data and H 0 are propagated to the E obs data analytically [36, 37] , through σ
. On the other hand, E(z = 0) = 1 exactly by definition. We can reconstruct E(z) and E ′ (z) from the observational E obs data via Gaussian processes, and then Ω m and w from Eqs. (5) and (8) , in which we adopt Ω m0 = 0.3153 ± 0.0073 from the newest Planck 2018 results [33, 34] . The reconstructed E, E ′ , Ω m and w as functions of redshift z are given in Figs. 3 ∼ 6 . Clearly, the choices of covariance function only make fairly small difference, but the choices of H 0 make considerable difference. In particular, w = −1 is fully consistent with the reconstructed w(z) in the cases of H 0 = 67.36 ± 0.54 km/s/Mpc, but w < −1 is slightly favored in the cases of H 0 = 73.52 ± 1.62 km/s/Mpc.
As an alternative, we can also reconstruct E = 1/D ′ from the luminosity distance of SNIa. Here we use the Pantheon sample [39] [40] [41] consisting of 1048 SNIa, which is the largest spectroscopically confirmed SNIa sample by now. The corrected bolometric magnitudem B is related to D according tõ
where M is a nuisance parameter representing some combination of the absolute magnitude M and H 0 . One can convert the observationalm B data given in the Pantheon plugin [41] into the D obs data, while their covariance matrices are related by the propagation of uncertainty [42], C D = J Cm B J T , where J is the Jacobian matrix. Note that we consider the full covariance matrix with the systematic uncertainties. Here we adopt the best-fit M = 23.808891 for the flat ΛCDM model [43] as a fiducial value. We can reconstruct D(z), D ′ (z) and D ′′ (z) from the observational D obs data via Gaussian processes, and then E = 1/D ′ , as well as Ω m and w from Eqs. (5) and (9), in which we adopt again Ω m0 = 0.3153 ± 0.0073 from the newest Planck 2018 results [33, 34] . The reconstructed D, D ′ , D ′′ , E, Ω m and w as functions of redshift z are given in Figs. 7 and 8 . Clearly, the choices of covariance function only make fairly small difference. In both cases, w = −1 is fully consistent with the reconstructed w(z).
Finally, using the above reconstructed f (z) and Ω m (z), we obtain the growth index γ as a function of redshift z from Eq. (1). We present the reconstructed γ(z) in Fig. 9 , for various observational data and Gaussian processes with different covariance functions. It is easy to see that the choices of covariance function only make fairly small difference. Notably, γ ≃ 0.42 (f (R) theories) is inconsistent with the reconstructed γ(z) in the redshift range 0 ≤ z ∼ < 0.8 far beyond 3σ C.L. in all cases. γ 0 ≃ 0.42 at z = 0 can also be excluded at very high C.L. On the other hand, also in all cases, although γ 0 ≃ 0.55 at z = 0 and γ ≃ 0.55 (dark energy models in GR) at low redshift z ∼ < 0.1 are consistent with the results, but γ ≃ 0.55 is inconsistent with the reconstructed γ(z) in the moderate redshift range 0.1 ∼ < z ∼ < 0.7 far beyond 3σ C.L. In particular, for ΛCDM model, γ = 6/11 ≃ 0.545, which is independent of redshift z. So, it can also be excluded far beyond 3σ C.L. Last, it is fairly subtle for γ ≃ 0.68 (DGP model). In the cases of the observational H(z) data with H 0 = 67.36 ± 0.54 km/s/Mpc and the Pantheon SNIa data, γ ≃ 0.68 is fully consistent with the reconstructed γ(z). However, in the case of the observational H(z) data with H 0 = 73.52 ± 1.62 km/s/Mpc, it is inconsistent with the results in the moderate redshift range. Since the tension between these two H 0 is beyond 3.6σ and the debate is not settled by now, we can say nothing certainly about γ ≃ 0.68 (DGP model) so far. Nevertheless, our results strongly suggest that the growth index γ is varying, and γ ′ > 0 at low redshift, γ ′ < 0 at higher redshift. The models with γ ∼ < 0.55 in the moderate redshift range 0.1 ∼ < z ∼ < 0.7 could be excluded far beyond 3σ C.L.
IV. CONCLUSION
The accelerated cosmic expansion could be due to dark energy within GR, or modified gravity. It is of interest to differentiate between them, by using both the expansion history and the growth history. In the literature, it was proposed that the growth index γ is useful to distinguish these two scenarios. In this work, we consider the non-parametric reconstruction of the growth index γ as a function of redshift z from the latest observational data as of July 2018 via Gaussian Processes. Surprisingly, we find that f (R) theories, and dark energy models in GR (especially ΛCDM), are inconsistent with the results in the moderate redshift range, far beyond 3σ C.L. A modified gravity scenario different from f (R) theories is strongly favored. 
